
Tropospheric	
  column	
  ozone	
  response	
  to	
  
ENSO	
  in	
  GEOS-­‐5	
  assimila9on	
  of	
  OMI	
  and	
  

MLS	
  ozone	
  data	
  

Mark	
  Olsen	
  	
  
Atmospheric	
  Chemistry	
  and	
  Dynamics	
  Laboratory,	
  NASA	
  GSFC	
  

Goddard	
  Earth	
  Science,	
  Technology	
  and	
  Research	
  Center,	
  Morgan	
  State	
  University	
  
	
  

Kris	
  Wargan	
  
Global	
  Modeling	
  and	
  AssimilaFon	
  Office,	
  NASA	
  GSFC	
  

Science	
  Systems	
  and	
  ApplicaFons	
  Inc.	
  
	
  

Steven	
  Pawson	
  
Global	
  Modeling	
  and	
  AssimilaFon	
  Office,	
  NASA	
  GSFC	
  

	
  
	
  

SED	
  Director’s	
  Seminar	
  
Aug.	
  7,	
  2015	
  



Why	
  do	
  we	
  care	
  about	
  this?	
  
Tropospheric	
  ozone	
  is	
  significant	
  to:	
  
•  Air	
  quality	
  
•  Climate	
  
•  Tropospheric	
  chemistry	
  
	
  

Need	
  to	
  quan+fy	
  sources	
  of	
  natural	
  variability	
  to	
  assess	
  
present	
  and	
  future	
  anthropogenic	
  influence.	
  
	
  

Tropospheric	
  ozone	
  has	
  both	
  natural	
  and	
  
anthropogenic	
  sources	
  



Tropical	
  Ozone	
  Response	
  to	
  ENSO	
  
•  There	
  have	
  been	
  numerous	
  studies	
  focused	
  on	
  the	
  tropical	
  

tropospheric	
  ozone	
  response.	
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There	
  are	
  seemingly	
  contradictory	
  results	
  
of	
  extratropical	
  ozone	
  response	
  

•  Some	
  studies	
  find	
  significant	
  tropospheric	
  ozone	
  
response	
  in	
  middle	
  laFtudes	
  

–  Broad	
  midlaFtude	
  regions	
  (Oman	
  et	
  al.,	
  JGR,	
  2013)	
  

–  Colorado	
  ozonesonde	
  data	
  (Langford	
  et	
  al.,	
  GRL,	
  1998,	
  
1999)	
  

•  However,	
  others	
  do	
  not	
  find	
  a	
  significant	
  
response	
  over	
  extratropical	
  regions	
  	
  

–  Sonde	
  and	
  model	
  analysis	
  of	
  large	
  midlaFtude	
  regions	
  
(Hess	
  et	
  al.,	
  ACPD,	
  2014)	
  

–  FTIR	
  data	
  from	
  8	
  subtropical	
  and	
  extratropical	
  NDACC	
  
sites	
  (Vigouroux	
  et	
  al.,	
  ACP,	
  2015)	
  



Goal	
  of	
  This	
  Study	
  

InvesFgate	
  the	
  magnitude,	
  spaFal	
  distribuFon,	
  
and	
  mechanisms	
  of	
  the	
  ENSO	
  influence	
  on	
  
tropospheric	
  column	
  ozone	
  (TCO)	
  using	
  GEOS-­‐5	
  
analyses	
  of	
  OMI	
  and	
  MLS	
  data.	
  	
  	
  



The	
  Data	
  AssimilaCon	
  System	
  
•  We	
  assimilate	
  total	
  column	
  ozone	
  from	
  OMI	
  and	
  
stratospheric	
  profiles	
  from	
  MLS	
  (both	
  onboard	
  Aura)	
  
into	
  GEOS-­‐5	
  

•  Ozone	
  is	
  assimilated	
  alongside	
  meteorological	
  data	
  
•  Model	
  resoluFon:	
  	
  2°	
  x	
  2.5°	
  Lat-­‐Lon	
  for	
  this	
  analysis	
  
•  Analysis	
  spans	
  2005	
  through	
  2013	
  
•  Ziemke	
  et	
  al.	
  (2014)	
  and	
  Wargan	
  et	
  al.	
  (2015)	
  
evaluate	
  the	
  assimilated	
  tropospheric	
  ozone	
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Tropospheric	
  column	
  ozone	
  (TCO)	
  agrees	
  well	
  with	
  sondes	
  

Assimila9on	
  is	
  biased	
  low,	
  	
  globally	
  3.6	
  –	
  4.1	
  DU.	
  The	
  bias	
  is	
  la9tude	
  dependent	
  	
  
but	
  does	
  not	
  vary	
  much	
  from	
  year	
  to	
  year.	
  	
  
Correla9on	
  with	
  sondes:	
  ~0.8	
  



We	
  use	
  regression	
  analysis	
  of	
  ENSO	
  
influence	
  	
  

•  Use	
  monthly	
  mean	
  TCO	
  from	
  the	
  assimilaFon.	
  

•  Deseasonalize	
  by	
  removing	
  interannual	
  
monthly	
  means	
  at	
  every	
  grid	
  point.	
  

•  Regressed	
  on	
  monthly	
  ENSO	
  index	
  (Niño	
  3.4)	
  
at	
  every	
  grid	
  point.	
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TCO	
  SensiCvity	
  (DU/K)	
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TCO	
  SensiCvity	
  And	
  Wind	
  Differences	
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(Wind	
  Diff.:	
  mean	
  of	
  months	
  with	
  index	
  greater	
  than	
  0.75	
  –	
  mean	
  of	
  months	
  with	
  index	
  less	
  than	
  -­‐0.75)	
  
(Strong	
  El	
  Niño	
  –	
  Strong	
  La	
  Niña)	
  



VerCcal	
  and	
  meridional	
  winds	
  are	
  
consistent	
  with	
  sign	
  of	
  sensiCvity	
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Red	
  streamlines:	
  Difference	
  in	
  winds	
  from	
  	
  
Strong	
  El	
  Niño	
  and	
  La	
  Niña	
  
	
  
Solid	
  black	
  contours:	
  Mean	
  zonal	
  winds	
  
Heavy	
  dashed	
  contour:	
  Mean	
  tropopause	
  



AdvecCve	
  tendencies	
  dominate	
  
convecCon	
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Tendency	
  differences	
  
between	
  strong	
  El	
  Niño	
  
and	
  strong	
  La	
  Niña	
  months	
  
	
  

Advec9on	
  
Convec9on	
  



Are	
  results	
  representaCve	
  of	
  longer	
  term?	
  

GMI	
  
(2005-­‐2012)	
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of both hemispheres. Figure 6b shows the GEOSCCM ozone
sensitivity at 150 hPa obtained by linearly regressing the
deseasonalized ozone at each latitude and longitude against
the Niño 3.4 Index. The pattern from the GEOSCCM simula-
tion is very similar to that obtained fromMLSmeasurements.
The ozone sensitivity is negative (!15 ppbv/K) in a large
region between 30"S–30"N and east of 140"E, peaking
over the central Pacific Ocean similarly to the MLS measure-
ments. Ozone sensitivity is positive over Indonesia and much
of the tropical Indian Ocean. Also, bands of positive ozone
sensitivity occur at midlatitudes of both hemispheres with
local maxima over the Pacific Ocean and greater sensitivity
in the Northern Hemisphere.

4. QBO Sensitivity and Uncertainties

[21] In addition to ENSO, the QBO has been shown to
influence ozone in the stratosphere [Randel and Cobb,

1994] and to a lesser extent in the troposphere [Ziemke
and Chandra, 1999; Lee et al., 2010; Ziemke and Chandra,
2012]. Since ENSO and the QBO impact ozone, it is neces-
sary to include both in the regression analysis. In this section,
we show the impact of the first two EOFs of the QBO on
ozone and discuss areas where there is likely not complete
separation of the ENSO and QBO signals. GEOSCCM
used in the present work does not simulate the QBO, so we
only consider results from the MLR of MLS and TES
measurements.
[22] First we examine the tropical 15"S–15"N average

ozone sensitivity to the two EOFs, similar to that shown
for ENSO in Figure 3a. Figure 7 shows the MLS and TES
ozone sensitivity (ppbv/20m s!1) for the first (Figure 7a)
and second (Figure 7b) EOFs of the QBO. As expected,
the ozone sensitivity is largest in the stratosphere, and there
are no large ENSO-like features. Smaller features (on order
0.5 ppbv/20m s!1) in the TES QBO EOF1 do appear

Figure 5. (a) MLS and TES sensitivity coefficients (ppbv/K) resulting from the Niño 3.4 Index compo-
nent of the multiple linear regression using deseasonalized western region (70"E–140"E) average ozone.
(b) GEOSCCM sensitivity coefficients resulting from the linear regressing of ozone against Niño 3.4 Index,
over the same location. Overlaid is the anomalous circulation shown by the streamlines formed by regres-
sing the meridional wind and vertical velocity against Niño 3.4 Index. Shaded regions are significant above
2 standard deviations, and the dashed black curve shows the mean model tropopause on both panels.
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ozone sensitivity in the Northern Hemisphere midlatitudes is
positive between 30! and 45!.
[19] Chandra et al. [1998] suggested that downward

motion, suppressed convection, and a drier troposphere all
contributed to the increase in ozone seen over the tropical
western Pacific and Indonesian region. The combination of
downward motion and suppressed convection allows higher
ozone concentrations from the upper troposphere to be trans-
ported downward [Sudo and Takahashi, 2001] and reduces
the upward transport of low ozone air over ocean surfaces.
The drier troposphere also increases the chemical lifetime
of ozone, which causes increased tropospheric ozone concen-
trations [Kley et al., 1996]. The ozone changes seen in
Figure 5 in both simulation and measurements are consistent
in sign with those expected from these previous studies. Over
the extratropical troposphere, the ozone sensitivity derived
from observations is negative in the Southern Hemisphere.
The sensitivity derived from observations is asymmetric in
the midlatitude lower stratosphere and similar to that derived

from GEOSCCM, with negative sensitivity in the Southern
Hemisphere and positive in the Northern Hemisphere. The
GMI simulation including biomass-burning variability does
show a larger ozone response in the tropical troposphere than
GEOSCCM and typically is in closer agreement with MLS/
TES observations. This indicates that inter-annual variability
in biomass burning does contribute to ozone variability in
this region.
[20] We also examined the 150 hPa level globally to com-

pare variations in the pattern of horizontal ozone sensitivity.
Figure 6a shows the ozone sensitivity derived from MLS
measurements at 147 hPa using MLR. Over the tropical
Pacific and Atlantic Oceans, negative ozone sensitivity dom-
inates with dual local minima over the central Pacific of
"15 ppbv/K approximately 15–20! off the equator in each
hemisphere. These anomalies are strongly influenced by the
increased horizontal poleward flow as shown in Figure 4b.
Positive ozone sensitivity is seen over much of the tropical
Indian Ocean and in bands across much of the midlatitudes

Figure 4. (a) MLS and TES sensitivity coefficients (ppbv/K) resulting from the Niño 3.4 Index compo-
nent of the multiple linear regression using deseasonalized eastern region (180!W–110!W) average ozone.
(b) GEOSCCM sensitivity coefficients resulting from the linear regressing of ozone against Niño 3.4
Index, over the same location. Overlaid is the anomalous circulation shown by the streamlines formed
by regressing the meridional wind and vertical velocity against Niño 3.4 Index. Shaded regions are sig-
nificant above 2 standard deviations, and the dashed black curve shows the mean model tropopause on
both panels.
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RevisiCng	
  Prior	
  Studies	
  	
  	
  
Oman	
  et	
  al.	
  (2013)	
  evaluated	
  the	
  ozone	
  response	
  using	
  MLS	
  and	
  TES	
  data.	
  

Sensi9vity	
  

MLS	
  

TES	
  

(Mean	
  cross-­‐secFons	
  in	
  boxes	
  above)	
  



RevisiCng	
  Prior	
  Studies	
  	
  	
  
Hess	
  et	
  al.	
  (2015)	
  did	
  not	
  find	
  ENSO	
  influence	
  in	
  sonde	
  data	
  averaged	
  over	
  	
  
three	
  extratropical	
  regions.	
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Summary	
  
•  AssimilaFon	
  enables	
  this	
  first	
  comprehensive	
  study	
  of	
  the	
  tropical	
  and	
  

midlaFtude	
  response	
  of	
  TCO	
  to	
  ENSO	
  along	
  with	
  the	
  ancillary	
  informaFon	
  
to	
  interpret	
  the	
  results.	
  

•  Tropics:	
  agrees	
  well	
  with	
  prior	
  studies.	
  	
  Two-­‐lobe	
  structure	
  idenFfied	
  in	
  
western	
  Pacific.	
  	
  

•  MidlaFtudes:	
  response	
  is	
  relaFvely	
  weaker	
  but	
  significant	
  over	
  small	
  
regions.	
  	
  Results	
  unify	
  the	
  seemingly	
  disparate	
  findings	
  in	
  prior	
  studies	
  
that	
  are	
  limited	
  by	
  distribuFon	
  and	
  sparseness	
  of	
  available	
  data.	
  

•  Results	
  are	
  useful	
  as	
  a	
  process-­‐oriented	
  assessment	
  of	
  model	
  simulaFons.	
  


